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ORFDWLRQDSSOLFDWLRQV LQKLJKYROWDJHPXOWLWHUPLQDOGLUHFWFXUUHQW +907'&QHWZRUNV%\XWLOLVLQJK\EULG ILEUH%UDJJJUDWLQJ
EDVHGYROWDJHDQGFXUUHQWVHQVRUVDQHWZRUNRIFXUUHQWPHDVXULQJGHYLFHVFDQEHUHDOLVHGZKLFKFDQEHLQVWDOOHGRQDQ+9
07'&QHWZRUN6XFKGLVWULEXWHGRSWLFDO VHQVLQJQHWZRUN IRUPVDEDVLV IRU WKHSURSRVHG µVLQJOHHQGHGGLIIHUHQWLDOSURWHFWLRQ¶
VFKHPH 7KH VHQVLQJ QHWZRUN LV DOVR D YHU\ SRZHUIXO WRRO WR LPSOHPHQW D WUDYHOOLQJZDYHEDVHG IDXOW ORFDWRU RQ K\EULG
WUDQVPLVVLRQ OLQHV LQFOXGLQJ PXOWLSOH VHJPHQWV RI FDEOHV DQG RYHUKHDG OLQHV 7KH SURSRVHG DSSURDFK IDFLOLWDWHV D XQLTXH
WHFKQLFDO VROXWLRQ IRU ERWK IDVW DQG GLVFULPLQDWLYH '& SURWHFWLRQ DQG DFFXUDWH IDXOW ORFDWLRQ DQG WKXV FRXOG VLJQLILFDQWO\





3RZHU WUDQVPLVVLRQEDVHGRQKLJKYROWDJHGLUHFW FXUUHQW +9'&
QHWZRUNV LV H[SHFWHG WR EH WKH IDYRXUHG WHFKQRORJ\ IRU PDVVLYH
LQWHJUDWLRQ RI UHQHZDEOH HQHUJ\ VRXUFHV DQG WKH UHDOLVDWLRQ RI
(XURSHDQ DQG $VLDQ VXSHUJULGV > @ '&VLGH IDXOWV DUH WKH
JUHDWHVWFKDOOHQJHZKHQLWFRPHVWRWKHUHDOLVDWLRQRI+9'&EDVHG
JULGV GXH WR WKH IDFW WKDW ODUJH LQUXVK FXUUHQWV HVFDODWLQJ RYHU D
VKRUWSHULRGRIWLPH>@
$IWHU WKH RFFXUUHQFH RI D '&VLGH IDXOW RQ DQ +9'&
WUDQVPLVVLRQV\VWHPGHGLFDWHGSURWHFWLRQVFKHPHVDUHH[SHFWHGWR





PDMRU LPSRUWDQFH DV LW ZLOO SHUPLW IDVWHU V\VWHP UHVWRUDWLRQ
GLPLQLVKWKHSRZHURXWDJHWLPHDQGWKHUHIRUHHQKDQFHWKHRYHUDOO
UHOLDELOLW\RIWKHV\VWHP
'LVWULEXWHG VHQVLQJ LQ SRZHU V\VWHPV LV DQ DGYDQFHG FXWWLQJ
HGJH WHFKQRORJ\ ZLWK QXPHURXV RSHUDWLRQDO WHFKQLFDO DQG
HFRQRPLF EHQHILWV ZKLFK DLPV WR DFFHOHUDWH SRZHU V\VWHP
SURWHFWLRQDQGFRQWURODSSOLFDWLRQV>±@,QWKLVSDSHU WKHZRUN
FRQGXFWHG LQ > @ LV IXUWKHU GHPRQVWUDWHG WR KLJKOLJKW WKH
WHFKQLFDO PHULWV ZKHQ DGRSWHG IRU SURWHFWLRQ DQG IDXOW ORFDWLRQ
DSSOLFDWLRQVLQ+9'&QHWZRUNV
௑0RGHOOLQJ
)RU WKH VWXGLHV SUHVHQWHG LQ WKLV SDSHU D ILYH WHUPLQDO PXOWL
WHUPLQDOGLUHFWFXUUHQW07'&JULGLOOXVWUDWHGLQ)LJKDVEHHQ
GHYHORSHG LQ 0DWODE6LPXOLQN 7KH V\VWHP DUFKLWHFWXUH KDV EHHQ
DGRSWHGIURPWKH7ZHQWLHV3URMHFWFDVHVWXG\RQ'&JULGV7KHUH
DUH ILYH OHYHO PRGXODU PXOWLOHYHO FRQYHUWHUV RSHUDWLQJ DW
(팀k9 LQ V\PPHWULF PRQRSROH FRQILJXUDWLRQ K\EULG FLUFXLW
EUHDNHUV +E&%V DQG FXUUHQW OLPLWLQJ LQGXFWRUV DW HDFK
WUDQVPLVVLRQOLQHHQG
7KH 07'& QHWZRUN LQFOXGHV XQLIRUP IHHGHUV EXW DOVR K\EULG
IHHGHUV FRPSULVLQJ RI ERWK RYHUKHDG OLQHV 2+/V DQG
XQGHUJURXQG FDEOHV 8*&V ,W VKRXOG EH QRWHG WKDW IHHGHUV  
DQG  ZLOO EH XWLOLVHG IRU GHPRQVWUDWLQJ WKH SURSRVHG +9'&
SURWHFWLRQ VFKHPH ZKLOH IHHGHUV  DQG  ZLOO EH XVHG WR
GHPRQVWUDWHDIDXOWORFDWLRQVFKHPH2QHDFKXQLIRUPIHHGHUVLH
IHHGHUV   DQG  RSWLFDO VHQVRUV DUH LQVWDOOHG WR DFFXUDWHO\
PHDVXUH '& FXUUHQW HYHU\ (팀kP LQFOXGLQJ WKH WHUPLQDOV 2Q
K\EULGIHHGHUVRSWLFDOVHQVRUVDUHLQVWDOOHGDWMXQFWLRQVDQGIHHGHU
WHUPLQDOV 7KH PHDVXUHPHQWV DUH FDSWXUHG DQG SURFHVVHG DW HDFK
OLQHWHUPLQDOµUHOD\DQGIDXOW ORFDWRUVWDWLRQ¶7UDQVPLVVLRQOLQHV
KDYH EHHQ PRGHOOHG E\ DGRSWLQJ GLVWULEXWHG SDUDPHWHU PRGHO





7KH VLQJOHHQGHG GLIIHUHQWLDO SURWHFWLRQ DOJRULWKP LV LOOXVWUDWHG
XVLQJDIORZFKDUWLQ)LJ>@
8VLQJ WKH PHDVXUHPHQWV RI WZR FRQVHFXWLYH VHQVRUV WKH
DOJRULWKPVWDUWVE\FDOFXODWLQJDVHULHVRIGLIIHUHQWLDOFXUUHQWVJLYHQ
DV
Δi( f )(t) = is( f )(t − Δt) − is( f + 1)(t) 
ZKHUH Δi( f )(t) LV WKH IWK GLIIHUHQWLDO FXUUHQW GHULYHG XVLQJ WKH
FXUUHQWV is( f ) is( f + 1) PHDVXUHG DW WZR DGMDFHQW VHQVRUV I DQG I(?(?
UHVSHFWLYHO\  f = 1, 2,…, n − 1 DQG Δt WKH DPRXQW RI WLPH
FRPSHQVDWLRQGXHWRSURSDJDWLRQGHOD\V
7KHSURWHFWLRQORJLFKDVWKUHHVWDJHV7KHILUVWVWDJH6WDJH$
LV D FRPSDULVRQ RI GLIIHUHQWLDO FXUUHQWΔi( f )(t) ZLWK D SUHGHILQHG
WKUHVKROG YDOXH ,7+ :KHQ WKH WKUHVKROG ,7+ LV H[FHHGHG IRU D
GLIIHUHQWLDO FXUUHQWΔi( f ) WKH SURWHFWLRQ DOJRULWKP ZLOO LQVSHFW WKH
KLVWRULFDOGDWDRIdis( f )/dtDQGdis( f + 1)/dtXVLQJDVKRUWWLPHZLQGRZ
Δtw = 0.2ms ,I DQ\ RI WKH KLVWRULFDO YDOXHV RI WKH GHULYDWLYHV
dis( f )/dt(t − Δtw) RU dis( f + 1)/dt(t − Δtw) H[FHHG D SUHGHILQHG








QRVHQVRU IDLOXUH LVGHWHFWHG6WDJH& LQLWLDWHVD WULSSLQJVLJQDO WR
WKHFRUUHVSRQGLQJ&%
7KH UHVXOWLQJ NH\ DGYDQWDJHV RI WKH SURSRVHG VLQJOHHQGHG








)LJ  LOOXVWUDWHV WKH SURWHFWLRQ UHVSRQVH WR DQ LQWHUQDO IDXOW
LQLWLDWHGDW W(? (?(팀mVRFFXUULQJDW(팀kP IURP WHUPLQDO7RQ
IHHGHU  7KLV IDXOW LV SUDFWLFDOO\ ORFDWHG EHWZHHQ VHQVRUV6 DQG
6 $V VXFK WKH GLIIHUHQWLDO FXUUHQW Idiff(S2 − S3) FDOFXODWHG IURP WKH
PHDVXUHPHQWVRIVHQVRUV6DQG6LVLQFUHDVLQJUDSLGO\)LJD
H[FHHGLQJ WKH SURWHFWLRQ WKUHVKROG DQG KHQFH IXOILOOLQJ 6WDJH $
)LJ E GHPRQVWUDWHV WKDW SULRU WR WKH IDXOW GHWHFWLRQ WKH UDWH RI
FKDQJH diDC/dt IRU ERWK FXUUHQWV VHQVRUV 6 DQG 6 LV QRQ]HUR
ZKLFK LQGLFDWHV WKH IXOILOPHQW RI 6WDJH % $ WULSSLQJ VLJQDO LV
LQLWLDWHGE\WKHWKLUGFULWHULRQ6WDJH&KRZHYHULWLVQRWGHSLFWHG
KHUH GXH WR VSDFH OLPLWDWLRQV 7KH IDXOW FXUUHQW LQWHUUXSWLRQ LV
GHSLFWHGLQ)LJVFDQGGIRUERWKHQGVRIIHHGHU
7KH VXPPDULVHG UHVXOWV DUH SUHVHQWHG LQ 7DEOHV  DQG  IRU
SROHWRSROH DQG SROHWRJURXQG IDXOWV ZLWK JURXQG IDXOW
UHVLVWDQFHV RI XS WR (팂? UHVSHFWLYHO\ ,W FDQ EH GHPRQVWUDWHG






HOHFWURPDJQHWLF ZDYH SURSDJDWLRQ LV QRW XQLIRUP DGGLWLRQDO
UHIOHFWLRQVUHIUDFWLRQV DUH JHQHUDWHG DW WKH MXQFWLRQ SRLQWV DQG
WKHUHLVDQLQFUHDVHGGLIILFXOW\LQUHFRJQLVLQJWKHIDXOWHGVHJPHQW
7KH IDXOW ORFDWLRQ VFKHPH SUHVHQWHG LQ WKLV SDSHU >@ XWLOLVHV WKH
SULQFLSOH RI WUDYHOOLQJ ZDYHV DSSOLHG WR D VHULHV RI FDSWXUHG
ZDYHIRUPV DFTXLUHG IURP FXUUHQW VHQVRUV LQVWDOOHG DORQJ K\EULG
IHHGHUVVHHIHHGHUVDQGLQ)LJ
)DXOWORFDWLRQDOJRULWKP
7KH SURSRVHG IDXOW ORFDWLRQ DOJRULWKP FRQVLVWV RI WKUHH VWDJHV DV
LOOXVWUDWHGLQ)LJ
7KHILUVWVWDJH6WDJH$RIWKHDOJRULWKPLGHQWLILHVWKHIDXOWHG
VHJPHQW 7KLV LV LPSOHPHQWHG E\ FDOFXODWLQJ WKH GLIIHUHQWLDO
FXUUHQWΔi( f ) IRU HYHU\ SDLU RI DGMDFHQW VHQVRUV VLPLODUO\ WR 
:KHQD IDXOW RFFXUVEHWZHHQ WZR VHQVRUV WKHGLIIHUHQWLDO FXUUHQW
Δi( f ) FDOFXODWHG IURP PHDVXUHPHQWV DFTXLUHG IURP WKRVH VHQVRUV
UHDFKHVPXFKKLJKHUOHYHOWKDQWKHFXUUHQWFDSWXUHGIURPDQ\RWKHU
DGMDFHQWSDLUWKLVZDVDOVRGHPRQVWUDWHGLQ)LJD$VVXFKE\
LGHQWLI\LQJ WKH KLJKHVW GLIIHUHQWLDO FXUUHQW WKH IDXOWHG VHJPHQW LV
LGHQWLILHG$WWKLVSRLQWWKHDOJRULWKPZLOOSURGXFHWZRRXWSXWV6XS


























IDXOW FXUUHQW PHDVXUHPHQWV FRUUHVSRQGLQJ WR VHQVRUV 6XS DQG 6GQ
DUH XWLOLVHG DW WKH QH[W VWDJH 6WDJH % 7KHVH PHDVXUHPHQWV DUH
XVHG WR FDOFXODWH WKH SUHFLVH WLPH RI WUDYHOOLQJ ZDYH DUULYDO DW
IDXOWHG VHJPHQW WHUPLQDOV ZKHUH WKH VHQVRUV 6XS DQG 6GQ DUH
ORFDWHG 7KH ZDYH GHWHFWLRQ LV LPSOHPHQWHG E\ DSSO\LQJ
FRQWLQXRXV ZDYHOHW WUDQVIRUP &:7 RQ WKH DYDLODEOH FXUUHQW
PHDVXUHPHQWV 7KH ZDYHOHW WUDQVIRUP RI D IXQFWLRQ LW FDQ EH






/LQH 'LVWDQFHNP %UHDNHUVRSHUDWHG 6HQGLQJHQG 5HFHLYLQJHQG
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PRWKHU ZDYHOHWΨa,b∗ (t) 6FDOLQJ LV LPSOHPHQWHG E\ ZKLFK LV WKH
ELQDU\ GLODWLRQ DOVR NQRZQ DV VFDOLQJ IDFWRU DQG VKLIWHG E\ E
ZKLFKLVWKHELQDU\SRVLWLRQDOVRNQRZQDVVKLIWLQJRUWUDQVODWLRQ
)LQDOO\ 6WDJH % ZLOO SURGXFH WZR RXWSXWV tSup DQG tSdn ZKLFK
FRUUHVSRQG WR WKH WLPH LQGH[ RI WKH LQLWLDO WUDYHOOLQJ ZDYH DW WKH
IDXOWHGVHJPHQWWHUPLQDOV
,Q6WDJH&RI WKHSURSRVHGDOJRULWKP WKHDFWXDO IDXOW ORFDWLRQ
') RI WKH IDXOWHG VHJPHQW LV FDOFXODWHG E\ DGRSWLQJ WKH
FRQYHQWLRQDOWZRHQGHGIDXOWORFDWLRQDSSURDFKJLYHQDV
DF =
Lseg − Δt(Sup − Sdn) ⋅ vprop
2







WRSROH DQG SROHWRJURXQG IDXOWV KDYH EHHQ DSSOLHG RQ IHHGHUV 
DQG  VHH )LJ  DW YDULRXV GLVWDQFHV DW DOO VHJPHQWV 6LQFH WKH
DFFXUDF\RIWUDYHOOLQJZDYHEDVHGWHFKQLTXHVGHSHQGRQVDPSOLQJ
IUHTXHQF\IRUWKHVWXGLHVSUHVHQWHGLQWKLVSDSHUDVDPSOLQJUDWHRI
(팀k+] KDV EHHQ DVVXPHG 7KLV IUHTXHQF\ FRUUHVSRQGV WR WKH
UHVRQDQWIUHTXHQF\RIRSWLFDOVHQVRUVDQGWKHVLJQDODFTXLVLWLRQDW
WKLV UDWH FDQ EH SUDFWLFDOO\ DFKLHYHG E\ HPSOR\LQJ DUUD\HG






ZKHUH ') LV WKH FDOFXODWHG IDXOW GLVWDQFH $') LV WKH DFWXDO IDXOW
GLVWDQFHDQG/IVHJWKHWRWDOOHQJWKRIWKHIDXOWHGVHJPHQW
7KHUHVXOWVDUHSUHVHQWHGLQ7DEOHVDQGIRUSROHWRSROHDQG
SROHWRJURXQG IDXOWV UHVSHFWLYHO\ 7KH DYHUDJH PLQLPXP DQG




LGHQWLILHG FRUUHFWO\ LQ  RI WKH FDVHV IRU ERWK W\SHV RI IDXOWV
VHHµ5HSRUWHGVHQVRUV¶FROXPQLQ7DEOHVDQG
7KH LPSDFWRIQRLVH LQPHDVXUHPHQWVPRWKHUZDYHOHWVFDOLQJ
IDFWRU DQG QHWZRUN FRPSRQHQWV RQ WKH DFFXUDF\ RI WKH SURSRVHG
IDXOWORFDWLRQVFKHPHDUHH[KDXVWLYHO\DQDO\VHGDQGUHSRUWHGLQ>@
௑+DUGZDUH YDOLGDWLRQ RI RSWLFDO VHQVLQJ
WHFKQRORJ\
([SHULPHQWDOVHWXS
,Q RUGHU WR SURYH WKH SULQFLSOH RI WKH QHZ SURWHFWLRQ DQG IDXOW
ORFDWLRQ VFKHPH DQ H[SHULPHQWDO VHWXS KDV EHHQ DUUDQJHG DV
VKRZQ LQ )LJ  WKH DFWXDO ODERUDWRU\ H[SHULPHQW LV VKRZQ LQ











VLPXODWHG IDXOW FXUUHQWV DW FRUUHVSRQGLQJ IRXU VHQVLQJ ORFDWLRQV
KDYHEHHQJHQHUDWHGDQGVWRUHG ORFDOO\ WRD3&)RU WKHSURSRVHG
VLQJOHHQGHGGLIIHUHQWLDOSURWHFWLRQVFKHPHWKHPRGHORIIHHGHU
KDVEHHQXWLOLVHGZLWKRQHIDXOWSODFHGDW(팀kPVHH)LJD)RU
WHVWLQJ WKHSURSRVHG IDXOW ORFDWLRQ VFKHPH WKHPRGHORI IHHGHU
KDV EHHQ XWLOLVHG VHH )LJ E 7KH SUHVLPXODWHG IDXOW FXUUHQWV
ZHUH XVHG WR JHQHUDWH UHSOLFD YROWDJH WUDFHV XVLQJ WKH GDWD
DFTXLVLWLRQFDUG6XFKYROWDJHZDYHIRUPVZHUHSK\VLFDOO\LQMHFWHG
WRRSWLFDO VHQVRUV DQG WKH FRUUHVSRQGLQJGDWDZHUH FDSWXUHG DW (?
N+] IURP WKH RSWLFDO LQWHUURJDWRU 7KH VDPSOHG GDWD ZHUH WKHQ
VWRUHGRQ D3& IRUSRVWSURFHVVLQJ)XUWKHU WHFKQLFDO GHWDLOVZLWK
7DEOH(? 3URWHFWLRQSHUIRUPDQFHUHVXOWVIRUSROHWRJURXQGIDXOWV
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UHJDUGV WR WKHGHVLJQRSHUDWLRQDQG LQVWDOODWLRQRIRSWLFDOVHQVRUV
FDQEHIRXQGLQ>@
([SHULPHQWDOUHVXOWV
7KH PHDVXUHG UHVSRQVH RI WKH RSWLFDO VHQVRUV DQG WKH SURWHFWLRQ
V\VWHPWRIDXOWDWIHHGHULVLOOXVWUDWHGLQ)LJ7KHUHFRUGHG'&
YROWDJHV ZHUH XVHG WR FDOFXODWH WKH GLIIHUHQWLDO YROWDJH Δv
FRUUHVSRQGLQJWRGLIIHUHQWLDOFXUUHQWΔi( f )GHVFULEHGLQZKLFK
LV GHSLFWHG LQ )LJ D ,W LV HYLGHQW WKDW WKH GLIIHUHQWLDO YROWDJH
EHWZHHQVHQVRUV6DQG6UHDFKHVKLJKYDOXHVZKLFKFDQEHHDVLO\
GHWHFWHGE\DYROWDJHWKUHVKROG7KHFRUUHVSRQGLQJUDWHRIFKDQJH
RIYROWDJHdVdc/dt RI WKHPHDVXUHPHQWVFDSWXUHG IURPVHQVRUV6
DQG6VWD\KLJKZLWKLQD(팀mVWLPHZLQGRZ7KHHQWLUHUHVSRQVH
RI WKH V\VWHP LV RI JUHDW UHVHPEODQFH WR VLPXODWLRQEDVHG UHVXOWV
DQG KHQFH WKH SURWHFWLRQ VFKHPH FDQ EH FRQVLGHUHG SUDFWLFDOO\
IHDVLEOH
7KHH[SHULPHQWDO UHVXOWV UHODWHG WR WKHSURSRVHG IDXOW ORFDWLRQ
VFKHPH LH H[SHULPHQWDO DUUDQJHPHQW VKRZQ LQ )LJ E DUH




LPSDFW RQ WKH &:7 DQG WKH H[WUDFWLRQ RI WLPH GLIIHUHQFH
Δt(Sup − Sdn) ZKLFK LV XWLOLVHG LQ  IRU WKH FDOFXODWLRQ RI IDXOW
GLVWDQFH 7KLV FDQ EH IXUWKHU MXVWLILHG IURP WKH YDOXHV RI WLPH
GLIIHUHQFHΔt(Sup − Sdn) H[DFWHG IRU HDFK IDXOW FDVH DV VKRZQ LQ
7DEOH:LWKUHJDUGVWRIDXOWHGVHJPHQWWKHUHSRUWHGVHQVRUV6XS
DQG 6GQ GHPRQVWUDWH WKDW LW KDV EHHQ LGHQWLILHG FRUUHFWO\ DW DOO
FDVHV,WVKRXOGEHQRWHGWKDW WKHUHVXOWLQJGLPLQLVKHGDFFXUDF\LV
GXH WR WKH UHGXFHG VDPSOLQJ UDWH GHWHUPLQHG E\ WKH DYDLODEOH
LQWHUURJDWLRQV\VWHP+RZHYHUWKHDVVXPHGVDPSOLQJIUHTXHQF\RI
(팀k+] LV SUDFWLFDOO\ DFKLHYDEOH ZLWK RWKHU FRPPHUFLDOO\
DYDLODEOHHTXLSPHQW
'LVFXVVLRQ
,W KDV EHHQ GHPRQVWUDWHG ZLWKLQ WKLV SDSHU WKDW RSWLFDO VHQVLQJ
WHFKQRORJ\ FDQ IXUWKHU HQKDQFH WKH RYHUDOO SHUIRUPDQFH RI
SURWHFWLRQ DQG IDXOW ORFDWLRQ DSSOLFDWLRQV 7KLV KDV EHHQ
GHPRQVWUDWHG IRU +9'& DSSOLFDWLRQV KRZHYHU VXFK WHFKQRORJ\
KDV EHHQ SUHYLRXVO\ XWLOLVHG LQ >±@ IRU SURWHFWLRQ DQG FRQWURO
DSSOLFDWLRQV LQ $& V\VWHPV 7KH SURWHFWLRQ FRQWURO DQG IDXOW
ORFDWLRQVFKHPHVKDYHEHHQUHDOLVHGE\WKHHPSOR\PHQWRIRSWLFDO
FXUUHQWDQGYROWDJHVHQVRUV6XFKVHQVRUVKDYHEHHQGHVLJQHGDQG
PDQXIDFWXUHG EDVHG RQ PDJQHWRRSWLFDO FRQVWUXFWLRQV EDVHG RQ
ILEUH FRLOV H[WULQVLF PDJQHWRVWULFWLYH PDWHULDOV ERQGHG WR ILEUH
VWUDLQVHQVRUV
,Q WKLVSDSHU RSWLFDO VHQVRUVKDYHEHHQXVHG IRU WZRGLIIHUHQW
DSSOLFDWLRQV QDPHO\ SURWHFWLRQ DQG IDXOW ORFDWLRQ 7KH VFKHPHV
GHYHORSHGIRUWKHVHWZRDSSOLFDWLRQVKDYHEHHQGHVLJQHGDQGWHVWHG
VHSDUDWHO\ )RU H[DPSOH IRU WKH SURSRVHG SURWHFWLRQ VFKHPH WKH
VHQVRUVKDYHEHHQ LQWHUURJDWHGDWDVDPSOLQJUDWHRI(팀k+]ZKLOH
IRUWKHIDXOWORFDWLRQVFKHPHDVDPSOLQJUDWHRI(팀k+]KDVEHHQ
DVVXPHG7KH IXQGDPHQWDOGLIIHUHQFHRI WKHVH WZRDSSOLFDWLRQV LV
WKDWWKHSURWHFWLRQQHHGVWREHUXQLQUHDOWLPHZKLOHIRUGLVWDQFHWR
IDXOW HVWLPDWLRQ RIIOLQH FRPSXWDWLRQV FDQ EH XVHG 7KHUHIRUH
ORZHU VDPSOLQJ UDWH LH (팀k+] LV DGHTXDWH WR SHUPLW







ORQJ DV WKH IDXOW JHQHUDWHG ZDYHIRUPV DUH FDSWXUHG DW DGHTXDWH
VDPSOLQJUDWHLH LQH[FHVVRI(팀k+]ERWKSURWHFWLYHDQGIDXOW
ORFDWLQJ IXQFWLRQV FRXOG EH SHUIRUPHG LQGHSHQGHQWO\ LQ WKHLU
UHVSHFWLYHRSHUDWLQJWLPHIUDPHV7KLVZRXOGVDWLVI\ERWKWKHQHHG
IRU KLJK VSHHG RI SURWHFWLRQ RSHUDWLRQ DQG KLJK DFFXUDF\ RI IDXOW
ORFDWLRQ)RUH[DPSOHDUHDOWLPHFDOFXODWLRQZLWKRSHUDWLQJIUDPH
7DEOH(? 6HJPHQWLGHQWLILFDWLRQDQGIDXOWORFDWLRQUHVXOWVIRUSROHWRSROHIDXOWV
)HHGHU 6HJPHQW )DXOWGLVWDQFHNP 5HSRUWHGVHQVRUV 5HSRUWHGIDXOWORFDWLRQNP (UURU
683 6'1
 2+/D  6 6  í
 2+/D  6 6  
 2+/D  6 6  
 2+/D  6 6  
 2+/D  6 6  
 8*&  6 6  í
 8*&  6 6  
 8*&  6 6  
 8*&  6 6  
 8*&  6 6  í
 8*&  6 6  í
 8*&  6 6  
 8*&  6 6  í
 2+/E  6 6  í
 2+/E  6 6  í
 2+/E  6 6  
 8*&  6 6  í
 8*&  6 6  
 8*&  6 6  
 8*&  6 6  í
 2+/  6 6  í
 2+/  6 6  í
 2+/  6 6  í
 2+/  6 6  í






UDWH LQ WKH UDQJH RI (팀k+] XVLQJ GRZQVDPSOHG GDWD ZRXOG EH
DGHTXDWH IRU SURWHFWLRQ ZKLOH IRU IDXOW ORFDWLRQ D QRQUHDOWLPH
SRVWIDXOW FDOFXODWLRQ FRXOG EH SHUIRUPHG XVLQJ WKH VWRUHG GDWD
DFTXLUHG DW PXFK KLJKHU IUHTXHQF\ $ FLUFXODU PHPRU\ EXIIHU RI
7DEOH(? 6HJPHQWLGHQWLILFDWLRQDQGIDXOWORFDWLRQUHVXOWVIRUSROHWRJURXQGIDXOWVRf = 500Ω
)HHGHU 6HJPHQW )DXOWGLVWDQFHNP 5HSRUWHGVHQVRUV 5HSRUWHGIDXOWORFDWLRQNP (UURU
683 6'1
 2+/D  6 6  
 2+/D  6 6  
 2+/D  6 6  
 2+/D  6 6  
 2+/D  6 6  í
 8*&  6 6  í
 8*&  6 6  í
 8*&  6 6  
 8*&  6 6  í
 8*&  6 6  
 8*&  6 6  
 8*&  6 6  í
 8*&  6 6  
 8*&  6 6  
 2+/E  6 6  
 2+/E  6 6  í
 8*&  6 6  
 8*&  6 6  
 8*&  6 6  
 8*&  6 6  
 2+/  6 6  í
 2+/  6 6  
 2+/  6 6  
 2+/  6 6  í








∼(팀mV VKRXOG SURYLGH VXIILFLHQW DPRXQW RI GDWD WR DFKLHYH
DFFXUDWHIDXOWSRVLWLRQHVWLPDWLRQ
)RU DSSOLFDWLRQ LQ HOHFWULFDO SRZHU V\VWHPV WKH NH\ WHFKQLFDO
DQG HFRQRPLFDO PHULWV RI WKH XWLOLVHG GLVWULEXWHG VHQVLQJ
WHFKQRORJ\FRPSDUHGWRRWKHUFRQYHQWLRQDODQGSXUHO\HOHFWULFDO
DULVH IURP WKH IDFW WKDW WKH VHQVRUV DUH FRPSOHWHO\ SDVVLYH DQG
UHTXLUHQRSRZHUVXSSO\DWWKHVHQVLQJORFDWLRQ0RUHRYHUWKHUHLV
QR QHHG IRU DGGLWLRQDO VLJQDO SURFHVVLQJ DQG FRPPXQLFDWLRQ
HTXLSPHQW LHPLFURFRQWUROOHUV*36HWF DW WKH ORFDWLRQRI WKH
VHQVRUV LH VHQVRUV DUH LQWHUURJDWHG IURP D VLQJOH DFTXLVLWLRQ
SRLQW ZKHUH PHDVXUHPHQWV FDQ DOVR EH WLPH VWDPSHG 7KHVH
WHFKQLFDO PHULWV KDYH WKH SRWHQWLDO WR HQDEOH UHGXFWLRQ LQ WKH
KDUGZDUH DQG LQIUDVWUXFWXUH QHHGV LH FRPPXQLFDWLRQV ORZ
YROWDJHSRZHUVXSSOLHVGHFRGHUVHQFRGHUVHWFUHTXLUHGIRUZLGH
DUHD PRQLWRULQJ DSSOLFDWLRQV ,W VKRXOG DOVR EH KLJKOLJKWHG WKDW
RYHUWKHODVWGHFDGHWKHFRVWRIRSWLFDOVHQVRUVKDVEHHQGHFUHDVHG
DGHTXDWHO\ OHDGLQJ WR SUDFWLFDO UHDOLVDWLRQ RI FKHDS DQG KLJK
SHUIRUPDQFH WUDQVGXFHUV 2YHUDOO GXH WR WKH H[WHQVLELOLW\ DQG
FHQWUDOLVHG QDWXUH RI WKH VHQVLQJ WHFKQRORJ\ WKH FDSDELOLW\ RI





DQG IRU SURWHFWLRQ DQG FRQWURO RI HOHFWULFDO QHWZRUNV IURP
PLFURJULGVWRODUJHWUDQVPLVVLRQOLQHV
௑&RQFOXVLRQV
,Q WKLV SDSHU D QHZ VLQJOHHQGHG GLIIHUHQWLDO SURWHFWLRQ VFKHPH
DQGDIDXOWORFDWLRQVFKHPHIRUK\EULGIHHGHUVKDVEHHQSUHVHQWHG
6XFK VFKHPHV ZHUH GHVLJQHG IRU +907'& QHWZRUNV DQG DUH
EDVHG XSRQ WKH SULQFLSOH RI GLVWULEXWHG RSWLFDO VHQVLQJ 7KH
SURSRVHGSURWHFWLRQVFKHPHKDVEHHQIRXQGWREHKLJKO\VHQVLWLYH
GLVFULPLQDWLYH DQG IDVW ERWK IRU SROHWRSROH DQG SROHWRJURXQG
IDXOWV :LWK UHJDUGV WR IDXOW ORFDWLRQ LQ K\EULG IHHGHUV WKH
SURSRVHG WUDYHOOLQJ ZDYHEDVHG DOJRULWKP KDV EHHQ IRXQG WR EH
FDSDEOHRILGHQWLI\LQJWKHIDXOWHGVHJPHQWZKLOHPDLQWDLQLQJKLJK
DFFXUDF\ RI WKH IDXOW ORFDWLRQ HVWLPDWLRQ DFURVV D ZLGH UDQJH RI
IDXOWVFHQDULRV7KHRYHUDOOSHUIRUPDQFHRIERWKVFKHPHVKDVEHHQ
DVVHVVHG WKURXJK WUDQVLHQW VLPXODWLRQ DQG IXUWKHU YDOLGDWHG XVLQJ
VPDOOVFDOHKDUGZDUHSURWRW\SHVDQGKDUGZDUHLQWKHORRS WHVWLQJ
7KH SRWHQWLDO WHFKQLFDO DQG HFRQRPLFDO EHQHILWV RI GLVWULEXWHG
VHQVLQJWHFKQRORJ\KDYHEHHQDOVRGLVFXVVHGZLWKLQWKLVSDSHU
௑$FNQRZOHGJPHQWV
7KLV ZRUN ZDV VXSSRUWHG E\ 5R\DO 6RFLHW\ RI (GLQEXUJK - 0
/HVVHOOV 7UDYHO 6FKRODUVKLS 6\QDSWHF /WG M *ODVJRZ ± 8. WKH
,QQRYDWH 8. 76% 3URMHFW 1XPEHU  DQG WKH (XURSHDQ
0HWURORJ\5HVHDUFK3URJUDPPH(053±(1*7KH(053LV
MRLQWO\ IXQGHG E\ WKH (053 SDUWLFLSDWLQJ FRXQWULHV ZLWKLQ
(85$0(7DQGWKH(XURSHDQ8QLRQ
௑5HIHUHQFHV
>@ 7]HOHSLV ' 5RXVLV $2 '\VNR $ HW DO µ$ QHZ IDXOWULGHWKURXJK










>@ 7]HOHSLV ' )XVLHN * '\NR $ HW DO µ1RYHO IDXOW ORFDWLRQ LQ 07'&









VPDUW JULGV¶ ,((( ,QW :RUNVKRS RQ $SSOLHG 0HDVXUHPHQWV IRU 3RZHU
6\VWHPV$DFKHQ*HUPDQ\6HSWSS±
>@ )XVLHN * 2UU 3 1LHZF]DV 3 µ7HPSHUDWXUHLQGHSHQGHQW KLJKVSHHG
GLVWULEXWHG YROWDJH PHDVXUHPHQW XVLQJ LQWHQVLRPHWULF )%* LQWHUURJDWLRQ¶
,((( ,QW ,QVWUXPHQWDWLRQ DQG 0HDVXUHPHQW 7HFKQRORJ\ &RQI 3LVD ,WDO\
0D\SS±
>@ 2UU 3 )XVLHN * 1LHZF]DV 3 HW DO µ'LVWULEXWHG RSWLFDO GLVWDQFH
SURWHFWLRQ XVLQJ )%*EDVHG YROWDJH DQG FXUUHQW WUDQVGXFHUV¶  ,(((
3RZHUDQG(QHUJ\6RFLHW\*HQHUDO0HHWLQJ'HWURLW0,86$-XO\SS
±
>@ 1LHZF]DV 3 0F'RQDOG -5 µ$GYDQFHG RSWLFDO VHQVRUV IRU SRZHU DQG

















)DXOWV ) ) )
HUURU
(턀sLP  í 
(턀e[S í í 
|Δt(SUP − SDN) | , μs
(턀sLP   
(턀e[S   
UHSRUWHGVHQVRUVSUP − SDN
(?VLP 66 66 66
(턀e[S 66 66 66

-(QJ
7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\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